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Electron spin resonance and electronic spectroscopy techniques were used to study the symmetry
and electronic structure of Mn2+ dopants in solvothermally synthesized ZnS nanowires. The average
diameter of 5 nm leads to the observable quantum confinement effects in the photoluminescence
excitation spectra. The results clearly demonstrate the three symmetry locations of Mn2+
incorporation. Together with the inferred Mn2+ center densities, these data indicate a much higher
efficiency of Mn2+ substitution in the nanowire sample with about two times larger diameter.
© 2010 American Institute of Physics. doi:10.1063/1.3475017
Diluted magnetic semiconductor DMS nanowires1,2
have been intensively investigated because of their unique
anisotropic properties important for optics and electronic en-
gineering. The transition metal dopants exhibit promising
properties as potentially attractive building block for nano-
scale spintronic, electronic, magnetic, optoelectronic, and
photonic devices.3–8 ZnS is considered to be a particularly
suitable host for transition metal ion incorporation due to its
wide band gap 3.6 eV at room temperature and Mn2+ or
Cu2+-doped ZnS is already used extensively as phosphors for
displays and in electroluminescent devices.9
Multiple efforts have been focused on the fabrication of
the ZnS:Mn2+ nanowires using various techniques.6,10 Nev-
ertheless, the dimensions of most of these one-dimensional
1D nanostructures are typically larger than the exciton
Bohr radius in bulk ZnS, which makes the quantum confine-
ment effects rarely observable. Since the optical and mag-
netic properties of Mn2+ in DMS essentially rely on their
actually occupied symmetry sites and the electronic struc-
tures in the host materials, ESR has been employed as an
atomic probe to study the local crystal field effects and sym-
metry around Mn2+ impurities.11–13 Many ESR reports ap-
peared on Mn2+-doped nanoparticles, studying among others,
the Mn2+ concentration dependence using various microwave
bands.14 However, most of these data were obtained so far
from single crystals,15 bulk powder, or nanoparticles. The
detailed investigation of 1D ZnS:Mn2+ quantum wires using
ESR has been rarely reported to date.
In this letter, we report on the symmetry and electronic
structure of Mn2+ in solvothermally synthesized ZnS:Mn2+
nanowires studied by electronic spectroscopy and ESR tech-
niques, from where the spin Hamiltonian parameters and
Mn2+ center densities have been inferred.
Mn2+-doped ZnS nanowires were synthesized via
solvothermal reaction of zinc acetate dihydrate, manganese
acetate tetrahydrate, and thiourea in a mixed solvent of
water, ethanol, and ethylenediamine as similarly described
previously.16,17 The concentrations of starting stocking solu-
tions for sample A is half that used for sample B, i.e., Zn2+
and Mn2+ are 0.25 mol l−1 and 0.005 mol l−1 for sample
A; 0.5 mol l−1 and 0.01 mol l−1 for sample B, respectively.
Appropriate amount of the above mentioned solutions were
placed in a 100 ml Teflon-lined stainless steel autoclave, fill-
ing up to 70% of its volume. Thiourea was used in stoichio-
metric ratio. After stirring, the sealed autoclaves were put
into an electric oven, maintained at 100 °C for 4 h and then
cooled naturally to room temperature. The precipitate was
filtered off and washed then dried at 70 °C for 8 h. X-ray
diffraction XRD patterns were collected with a horizontal
Geigerflex diffractometer mounted on a Rigaku RU-200B
rotating Cu-anode =1.542 Å. The microstructures and
stacking sequence were investigated using transmission elec-
tron microscopy TEM and high-resolution TEM HR-
TEM JEOL 4000 EX instrument. Photoluminescence PL
and PL excitation PLE spectra were collected at room tem-
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FIG. 1. Color online XRD patterns of ZnS:Mn2+ nanowire samples A and
B. Vertical lines: red color online the diffraction peaks of bulk wurtzite
ZnS from ICDD database JCPDS card: 36-1450 for comparison.
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perature with a spectrophotometer Edinburgh Instruments
FLS900 equipped with a 450 W xenon lamp for the excita-
tion and a red-sensitive photomultiplier Hamamatsu R928P
for detection. The spectra were corrected for the photomul-
tiplier response. ESR spectra were acquired at room tempera-
ture using an X-band 9.18 GHz spectrometer. A cali-
brated comounted LiF:Li marker g=2.002 29 was used for
g value calibration and absolute Mn2+ center density deter-
mination.
Figure 1 shows the XRD patterns of the samples A and
B. The vertical lines mark diffraction peaks of bulk wurtzite
ZnS from the International Centre for Diffraction Data data-
base JCPDS card: 36-1450. These well-indexed diffraction
peaks indicate that the two samples prepared in the strong
basic condition pH10.2 adopt the hexagonal wurtzite
phase at lower temperature. Significantly sharper and more
intense 002 diffraction peaks suggest the preferential
growth along 001 direction, i.e., c-axis, which is consistent
with the HR-TEM imaging results see below. Compared to
sample A, the wurtzite peaks 102, 110, 103, 112 of
sample B are more prominent indicating that sample B has a
better crystallinity.
Figure 2 shows the TEM and HR-TEM images as well
as the selected-area electron diffraction SAED patterns of
nanowire samples A and B. The mean diameters of A and B
are 5 nm and 10 nm, respectively. The SAED patterns
exhibit clear diffraction rings which can be well-indexed as
hexagonal wurtzite ZnS JCPDS card: 36-1450 implying the
samples to be polycrystalline with no detectable secondary
phases. These results agree quite well with the XRD data.
However, HR-TEM reveals minor amounts of sphalerite type
material growing in between the wurtzite phase. Also some
crystal defects, such as twins and stacking faults, are abun-
dantly found in these nanowires. A similar mixed stacking
structure was found in ZnS nanoparticles, where the growth
mechanism was proposed based on the simulated XRD
results.18 However, in our case, this growth mechanism, re-
lated to equal probability of stacking layers, cannot be suffi-
cient to explain the 1D crystal growth process, because the
wurtzite hexagonal structure is definitely the majority phase.
When the average size of ZnS nanoparticles is below
20 nm, they are prone to form the more thermodynami-
cally stable wurtzite phase because of the free energy.19 In
previous reports, on the solvothermal synthesis of 1D nano-
structure, the growth mechanism was explained by the sol-
vent coordination molecular template SCMT mechanism17
and also by the effective monomer model;20 we suppose that
in our synthesis conditions with the aid of ethylenediamine
as chelating reagent and surfactant, the combination of both
models may explain the formation of the ZnS:Mn2+ nano-
wires.
Figure 3 depicts the PL and PLE spectra of nanowire
samples, as well as those of the commercial ZnS:Mn2+ phos-
phors. The PL spectra show two emission bands, one is the
dominant orange emission band located at about 580 nm
from intraconfigurational d–d transitions 4T1− 6A1 in Td
symmetry which are in principle spin forbidden by the S
=0 and parity selection rules; the other is a broad blue band
centered at about 440 nm, which is considered to be associ-
ated with defects.21 The presence of the ZnS band gap ab-
sorption in the PLE spectra shown on the left, at 343 nm for
the bulk, 330 nm and 317 nm for the sample B and A, re-
FIG. 4. Color online X-band ESR spectra P=0.5 mW of samples A
and B. Dashed: experiment Exp.; solid: simulated curves; SI, SII, and SIII
represent optimized simulations of the inferred spectral components.
FIG. 2. a TEM image of sample A; the upper inset is the SAED pattern,
the lower one, a HR-TEM image of a single nanowire. b An overview
TEM image inset: the corresponding SAED pattern together with HR-
TEM images showing a nanowire with a pure hexagonal structure and one
with mixed stacking cubic and hexagonal.
FIG. 3. Color online PLE left, em=580 nm and PL spectra right, ex
=343 nm for the bulk; ex=317 nm, 330 nm for sample A and B,
respectively.
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spectively, suggests that there exists an energy transfer pro-
cess from sp states of parent ZnS to the d states of Mn2+
dopants. The blueshift in these bands with decreasing size is
attributed to the quantum confinement effects.
Figure 4 shows ESR spectra dashed curves along with
optimized simulations. The inferred spin Hamiltonian param-
eters are listed in Table I together with the values for the bulk
from the literature. The observed Mn2+ S=5 /2, I=5 /2 ESR
spectra can be described by the spin Hamiltonian; Hˆ
=geSˆ ·Bˆ +DSˆ z2− 1 /3SS+1+ESˆx2−Sˆ y2+ASˆ ·Iˆ, where e
is the Bohr magneton; B the applied magnetic field; Sˆ and Iˆ
the electron and nuclear spin operator, respectively. The first
term is the electron Zeeman term; the second and the third
terms represent the fine structure zero-field splitting, while
the fourth term describes the electronic hyperfine hf inter-
action with the 55Mn 100% abundant nucleus, character-
ized by the isotropic hf constant A. The experimental spectra
in both samples show the typical six-line pattern of Mn2+
corresponding to Ms= −1 /2→ +1 /2 Ms=1;MI=0
transitions coupled to the 55Mn nuclear spin. Particularly in
the case of sample B, there is sufficient resolution to expose
several smaller features in between, i.e., the fine structure
peaks corresponding to the transitions Ms :5 /2↔3 /2
and 3 /2↔1 /2, due to the zero-field splitting of the 6A1
ground state.7 As for sample B, the experimental spectrum
could be well fitted as an overlap of three component signals,
SI, SII, and SIII, where SI, centered at g=2.00250.0003, is
characterized by A=68.4 G and D=47 G and SII, at g
=2.00100.0005, by A=85.2 G and D=0. As in previous
reports,14,22,23 SI corresponds to Mn2+ at substitutional sites
inside the ZnS lattice, while SII stems from Mn2+ species
residing in a more asymmetric environment, most likely at
the interstitial/surface sites. The third spectrum SIII, appear-
ing similarly in the A and B spectra, comes as an isotropic
broad resonance line of Lorentzian shape with peak-to-peak
width Bpp	430 G and centered at g=2.0006. It is inter-
preted as originating from dipole-dipole broadening between
the distant interacting Mn2+ ions. As for sample A, the SII
component is far dominant over SI, indicating that most of
the Mn2+ species in sample A are located at interstitial/
surface sites. Yet, while hard to disentangle clearly, a weak SI
signal can be inferred, which is in line with the observation
of a reduced orange emission from substitutional Mn2+.
Through double integration of the simulated six-line
component ESR spectra SI ,SII, i.e., with the broad SIII
component subtracted, the Mn2+ center density was
obtained24 as 7.51017 g−1 SII and 3.31016 g−1 SI
+SII for samples A and B, respectively. The Mn2+
interstitial/surface component is thus found drastically re-
duced in sample B. Moreover, the presence of a significant
component SII in sample A reveals a much more overall ef-
ficiency in incorporating Mn2+ at interstitial/surface sites.
The larger surface-to-volume ratio as the diameter shrinks
makes this understandable. Indeed the larger branching ratio
of the orange to blue emission intensities for sample B
shown in Fig. 3 confirms this conclusion.
In summary, the quantum confinement effects are clearly
observed in solvothermally synthesized ZnS:Mn2+ nano-
wires. The ESR results reveal the presence of three symme-
try sites of Mn2+ in the ZnS nanowires, i.e., substitutional,
interstitial/surface sites, and Mn clusters at the surface. The
inferred Mn2+ center densities indicate that the larger diam-
eter nanowires exhibit a higher efficiency for substitutional
Mn2+ incorporation than the narrower counterpart with a
larger surface-to-volume ratio.
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TABLE I. Inferred spin-Hamiltonian parameters of Mn2+ Hex.: hexagonal; A, D, and E in units of gauss;
S. C.: single crystal; and @: this work.
Host Symmetry g factor A D E Reference
ZnS sample A Hex. and cubic 2.00100.0005 a 85.2 0 0 @
ZnS sample B Hex. and cubic 2.00250.0003 b 68.4 47 1.5 @
ZnS bulk S. C. Cubic 2.002 250.000 06 68.3 ¯ ¯ 15
ZnS bulk S. C. Hex. 2.00160.0001 70 113 ¯ 12
aSII component.
bSI component.
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